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Coherent A1LO phonon and its coupling with photoexcited plasmon in wurtzite InN were
generated and detected with time-resolved second-harmonic generation. The experimental results
directly reveal that the plasma damping time constant is about 60120 fs, which depends on the
photoexcited plasma density in InN. The frequency of the upper-branch A1LO phonon-plasmon
coupling mode shifts as a function of the photoexcited plasma density. This frequency shift can be
fitted consistently with different InN films by solving the InN dielectric response function and leads
to the determination of the electron effective mass m*= 0.033±0.003me, parallel to the c axis of
wurtzite InN. © 2007 American Institute of Physics. DOI: 10.1063/1.2679926
The superior electron transport properties, i.e., small ef-
fective mass, high mobility, and high drift velocity, of InN
have turned this material into a very promising semiconduc-
tor material for applications in high-speed, high frequency
electronic devices. The value of the electron effective mass
plays a dominant factor in determining the optical and trans-
port properties of InN. However, the determination of elec-
tron effective mass in InN is a nontrivial task due to the
unusual energy band structure of InN. So far, a wide range
0.039me–0.24me of the electron effective mass m
* or m
*
has been reported for InN.1–4 Here m
* and m* denote the
effective masses for polarizations perpendicular and parallel
to the c axis, respectively. For example, Wu et al.2 performed
an infrared reflection experiment on wurtzite InN films with
a range of free-electron concentrations. Their results showed
a pronounced increase in the electron effective mass with
increasing electron concentration, indicating a nonparabolic
conduction band in InN. An effective mass of m
*
=0.07me at
the bottom of the conduction band was extrapolated from the
plasma frequency curve. Inushima et al.3 used the infrared
reflection spectra to reveal a linear coupling between the
E1LO phonon and the plasma oscillation of the free carriers
in the c plane of InN. From the plasma frequency the elec-
tron effective mass was estimated to be m
*
=0.085me for
intrinsic InN. Recently the reported electron effective mass
has a trend toward a smaller value as the quality of InN
epitaxial thin films with lower carrier concentration and de-
fect density has been continually improved by different
growth techniques. Hofmann et al.4 reported the anisotropic
electron effective mass and mobility parameters in wurtzite
InN thin films using infrared magneto-optic generalized
ellipsometry. For the  point of InN conduction band, they
estimated m
*
=0.047me and m*=0.039me. This work reveals
that m*m
* and m* can be smaller than 0.04me.
In this letter, we propose a unique approach to determine
the m* of wurtzite InN by directly generating coherent
A1LO phonon and detecting its coupling with photoexcited
plasma along the c-axis direction of wurtzite InN with time-
resolved second-harmonic generation TRSHG.5 We report
the direct measurement of coherent upper-branch A1LO
phonon-plasmon coupling L+ mode in the bulk region of
InN. The analysis of this L+ mode can lead to the determi-
nation of the m* of InN.
The N-polar wurtzite InN sample sample 1 used in this
study was grown by plasma-assisted molecular-beam epitaxy
PA-MBE. The InN epitaxial film was grown on Si 111
using the epitaxial AlN/-Si3N4 double buffer layer
technique.6,7 Using this growth technique, relaxed wurtzite
InN and AlN epilayers can be grown and the c axis is normal
to the Si111 substrate plane. The InN epitaxial film is
2.5 m in thickness and exhibits unintentional n-type dop-
ing. Its carrier concentration and mobility were determined
to be nH3.51018 cm−3 and e1200 cm2/V s by stan-
dard Hall measurement.
A mode-locked Ti-sapphire oscillator, delivering
800 nm, 82 MHz, 15 fs transform-limited laser pulse train,
was used as the light source in our TRSHG experiments.
This ultrafast laser source provides a detection bandwidth up
to 45 THz. In the experiment, the pump-induced reflected
SHG in the probe beam, R2, was measured in pin-pout
configuration with pump-intensity modulation technique and
lock-in amplifier. The detailed description of the TRSHG ex-
perimental setup can be found somewhere else.8 Since the
probing depth of R2 is governed by the nonlinear opti-
cal phase matching condition and the coherent phonon driv-
ing mechanism, TRSHG only probes the nonlinear optical
response at the topmost few tens of nanometers of InN.5 The
absorption length of our InN samples was measured to be
0.125 m at 800 nm.9,10 It means that the femtosecond
pump pulse can photoexcite electrons and launch coherent
phonons in this absorption region. Since the electron accu-
mulation layer is only a few nanometers,11 TRSHG tech-
nique can probe the carrier and phonon dynamics not only in
the near surface region but also in the bulk region.
Figure 1a shows a typical TRSHG measurement of
sample 1. The slow time-varying background in the TRSHG
curve was related to the pump-induced transient carrier dy-
namics. Meanwhile, a large oscillatory modulation can be
easily identified in the R2 signal. This modulation origi-aElectronic mail: ymchang@ccms.ntu.edu.tw
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nates from the coherent phonon generation in the sample.5
The oscillatory component was extracted from the back-
ground by taking the time differential of R2 and shown
in Fig. 1b. Its Fourier magnitude spectrum is plotted in Fig.
1c to reveal all the coherent phonon modes. We assign
these phonon peaks to the lower-branch L−  LOPC mode at
13.4 THz, surface phonon at 16.2 THz, A1LO phonon at
17.6 THz, and L+ mode at 36.5 THz. In Fig. 1c, it is found
that the ratio of the Fourier magnitudes of L+ and L− modes
is about 1:9. This value indicates that the oscillatory strength
of the probed coherent L+ mode is much weaker than that of
the coherent L− mode. Due to the surface sensitivity of
TRSHG technique, the observed coherent phonon spectros-
copy is dominated by the coherent L− and surface phonon
modes originated from the electron accumulation layer,5 but
not the L+ mode originated from the bulk region. However,
in this letter we will only focus on the investigation of this
coherent L+ mode to retrieve some important physical pa-
rameters of wurtzite InN bulk.
The pump-power dependent TRSHG experiment was
performed to characterize this bulk L+ mode. The pump-
photoexcited plasma density nex was calibrated and varied
from 2.01017 to 2.01018 cm−3. Figure 2a shows some
of the corresponding Fourier spectra. The spectra indicate an
onset frequency around 25 THz as nex5.01017 cm−3 and
a blueshift in frequency as the photoexcited plasma density
increases. This result reveals a clear identification of this
L+ mode: it is a plasmalike coupling mode and its frequency
depends on the participating plasma density.12–14
Furthermore, spontaneous Raman spectroscopy of
sample 1 was performed to confirm our L+ mode assign-
ment. The Raman spectrum is shown in Fig. 2b for com-
parison. In addition to the two dominant Raman-active pho-
non peaks: A1LO phonon at 17.6 THz and E2 high
phonon at 14.6 THz, one could identify two broad and weak
features at 13 and 25 THz, which are the L− and L+
modes of InN.1,15 The L+ mode frequency in the Raman
spectrum agrees with the observed onset frequency in the
TRSHG experiment. We therefore believe that the onset fre-
quency is due to the coupling between the A1LO phonon
and the background plasma nd in the bulk region of InN.12
This result also indicates that the participating plasma in-
cluded two portions: the photoexcited plasma density nex
and the background plasma density nd.
In order to clarify the generation region of this L+ mode,
we performed TRSHG experiments on two more InN
samples samples 2 and 3. They were In-polar wurtzite
InN0001 films grown on commercial Ga-polar GaN/
sapphire templates by PA-MBE. The InN film thicknesses
are 1.9 and 0.7 m for samples 2 and 3, respectively. The
carrier concentrations nH of these two samples are about
the same as that of sample 1. The main difference between
these two samples is that sample 3 was intentionally covered
with a 2 nm low-temperature grown GaN layer at the end of
sample growth. In Fig. 3, all the experimental L+ mode fre-
quencies are plotted as a function of the plasma density
Np=nex+nd. They all exhibit the same frequency shift re-
sponse. This result suggests that the L+ mode does not
change due to the substrate polarization i.e., Ga- or
N-terminated polarization or InN surface passivation. It
must be generated in the bulk region of InN rather than in the
surface electron accumulation layer.11 If this L+ mode were
originated from the electron accumulation layer instead, the
coupling frequency would reach 100 THz due to the large
electron density, 1020 cm−3, accumulated in the topmost
few nanometers of InN surface.5,11
The damping time of this coherent L+ plasmalike
mode can be determined by direct curve-fitting method.5,8 In
order to retrieve the accurate damping time, we performed
the curve fitting in the space-time domain simultaneously.16
FIG. 1. Color online a Typical TRSHG measurement of InN sample,
where AC denotes the autocorrelation signal to define the zero delay time.
b Oscillatory component is extracted from the slow time-varying back-
ground by taking the time differential of the TRSHG curve, c. Fourier
transform of the oscillatory component reveals the coherent phonon spec-
troscopy of InN.
FIG. 2. Color online a Coherent L+ mode shows a clear frequency shift
in the four pump-power dependent coherent phonon spectra with offset. The
photoexcited plasma densities are set as follows: A 51017, B 11018,
C 1.51018, and D 21018 cm−3, respectively. b Spontaneous Raman
spectrum is taken for comparison.
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This fitting route eliminates the ambiguity in determining the
fitting parameters when two or more coherent phonon modes
coexist in the oscillatory component. The fitting result indi-
cates that the damping time of the coherent L+ mode falls in
the range of 60–120 fs, which depends on the photoexcited
plasma density. When the photoexcited plasma density in-
creases to 21018 cm−3, the plasma damping time reduces
to 60 fs. The dominant scattering processes may include
both the carrier-carrier and carrier-phonon scatterings.5,17
Theoretically, one can calculate the L+ frequency as a
function of plasma density np by solving the dielectric re-
sponse function 	. In a classical model, the dielectric re-
sponse function 	 of the phonon-plasmon system governs
the coupling,
	 = 	
1 − p2
2 + ip
+
LO
2
− TO
2
TO
2
− iLO − 2
 , 1
where 	
 is the optical dielectric constant 	
=6.7 in InN
Ref. 1, p, LO, and TO are the plasmon, A1LO, and
A1TO phonon frequencies, and p and LO the damping
constants for the plasma and A1LO phonon, respectively.
Note that the plasma frequency is expressed as
p
2
=
e2Np
	
m
*
, 2
where Np is the plasma density and m* is the effective elec-
tron mass. The L+ frequency can be calculated by directly
solving the dielectric response function.18 Thus, we can per-
form curve fitting of the experimental data with the calcu-
lated L+ mode frequency. Also note that the physical param-
eters LO =17.6 THz, TO =13.4 THz, LO =1.4 THz,
and p =10 THz were directly determined in our experi-
ment and applied to the 	 calculation. The only fitting
parameters are the effective electron mass m* and the bulk
carrier concentration nd. In the fitting route, the slope of the
L+ frequency curve is a sensitive function to the m* value
because p	1/m* and the onset frequency can be matched
by tuning the nd value. The fitting curve agrees with the
experimental data very well when m* and nd are set to
0.033me and 1.01018 cm−3, respectively. The best fitting
curve is shown as the solid line in Fig. 3.
In Fig. 3, we also plot the upper bound with
m
*
=0.036 and lower bound with m*=0.030 of the calcu-
lated L+ frequency curves by considering both the experi-
mental data fluctuations in the L+ mode frequency
 ±1 THz and the possible carrier concentration
variation nd ±21017 cm−3. We therefore can con-
servatively determine the electron effective mass
m
*
= 0.033±0.003me and bulk carrier concentration
nd= 1.0±0.21018 cm−3 for wurtzite InN.
It is worth pointing out that the background plasma den-
sity nd= 1.0±0.21018 cm−3 is quite different from the
carrier concentration nH3.51018 cm−3 obtained from the
Hall measurement. The reason is that the latter one measures
the overall carrier concentration, which includes the contri-
butions from both the bulk region 1.01018 cm−3 and
the surface electron accumulation layer 1020 cm−3.11 Very
recently, it was found that the surface layer makes a signifi-
cant contribution to the conventional transport
measurement.19 This discrepancy suggests that optical tech-
niques may provide better alternatives to determine the bulk
carrier concentration of InN.
In conclusion, we report the direct observation of coher-
ent upper-branch A1LO phonon-plasmon coupling mode in
bulk InN. Its dispersion relation with respect to the photoex-
cited plasma density is used to reveal the transport properties
along the c axis of InN. The plasma damping time, effective
electron mass, and bulk carrier concentration of InN are ex-
perimentally determined. These physical parameters provide
important information for designing high-speed and high
performance InN-based electronic devices in the near future.
The authors acknowledge the financial support from Na-
tional Science Council of Taiwan, Republic of China.
1A. Kasic, M. Schubert, Y. Saito, Y. Nanishi, and G. Wagner, Phys. Rev. B
65, 115206 2002.
2J. Wu, W. Walukiewicz, W. Shan, K. M. Yu, J. W. Ager III, E. E. Haller,
H. Lu, and W. J. Schaff, Phys. Rev. B 66, 201403 2002.
3T. Inushima, M. Higashiwaki, and T. Matsui, Phys. Rev. B 68, 235204
2003.
4T. Hofmann, T. Chavdarov, V. Darakchieva, H. Lu, W. J. Schaff, and M.
Schubert, Phys. Status Solidi C 3, 1854 2006.
5Y.-M. Chang, C. T. Chuang, C. T. Chia, K. T. Tsen, H. Lu, and W. J.
Schaff, Appl. Phys. Lett. 85, 5224 2004.
6S. Gwo, C.-L. Wu, C.-H. Shen, W.-H. Chang, T. M. Hsu, J.-S. Wang, and
J.-T. Hsu, Appl. Phys. Lett. 84, 3765 2004.
7C.-L. Wu, C.-H. Shen, H.-W. Lee, H.-M. Lee, and S. Gwo, Appl. Phys.
Lett. 87, 241916 2005.
8Y. M. Chang, L. Xu, and H. W. K. Tom, Chem. Phys. 25, 283 2000.
9H. Ahn, C.-H. Shen, C.-L. Wu, and S. Gwo, Appl. Phys. Lett. 86, 201905
2005.
10S. Gwo, C.-L. Wu, C.-H. Shen, H.-W. Lin, H.-Y. Chen, and H. Ahn, Proc.
SPIE 6134, 61340L 2006.
11I. Mahboob, T. D. Veal, C. F. McCoville, H. Lu, and W. J. Schaff, Phys.
Rev. Lett. 92, 036804 2004.
12G. C. Cho, T. Dekorsy, H. J. Bakker, R. Hövel, and H. Kurz, Phys. Rev.
Lett. 77, 4062 1996.
13A. V. Kuznetsov and C. J. Stanton, Phys. Rev. B 51, 7555 1995.
14M. Hase, S.-I. Nakashima, K. Mizoguchi, H. Harima, and K. Sakai, Phys.
Rev. B 60, 16526 1999.
15V. Yu. Davydov and A. A. Klochikhin, Semiconductors 38, 861 2004.
16Y. M. Chang, H. H. Lin, C. T. Chia, and Y. F. Chen, Appl. Phys. Lett. 84,
2548 2004.
17F. Vallée, F. Ganikhanov, and F. Bogani, Phys. Rev. B 56, 13141 1997.
18J. S. Thakur, G. W. Auner, D. B. Haddad, R. Naik, and V. M. Naik, J.
Appl. Phys. 95, 4795 2004.
19R. E. Jones, K. M. Yu, S. X. Li, W. Walukiewicz, J. W. Ager, E. E. Haller,
H. Lu, and W. J. Schaff, Phys. Rev. Lett. 96, 125505 2006.
FIG. 3. Color online Measured L+ mode frequencies are plotted as a
function of the plasma density open symbols for three different InN
samples. The lines show the lower bound with m*=0.030me, best fitting
with m*=0.033me, and upper bound with m*=0.036me of calculated L+
mode frequency curves by solving the InN dielectric response function.
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